This article evaluates the case of an 11-year-old male with congenital agenesis of the corpus callosum, against Rourke's NLD models. A comprehensive neuropsychological assessment was completed, and impairments with attention, movement, fine motor and sensory perception, visuospatial organization, and verbal memory were identified. Additionally, a volumetric analysis of the magnetic resonance image (MRI) was completed. Although no gross structural abnormalities, beyond agenesis, were present, the possibility of unobservable abnormalities was considered. Many predicted NLD deficits were clearly evidenced in this case, including associated behavioral problems. This study concludes that although Rourke's NLD model is descriptive of many aspects of white matter impairments, it may not account for the full range or severity of deficits that may be observed. In callosal agenesis, children may exhibit verbal learning, auditory attentional, and verbal expressive difficulties. D 2001 National Academy of Neuropsychology. Published by Elsevier Science Ltd.
The corpus callosum is a large bundle of myelinated commissural fibers that connect the two hemispheres in a generally homotopic manner. The role of the corpus callosum in cognitive processing in the normal brain has been hypothesized based upon observed functional changes that have occurred in patients who have undergone complete callosal section (Bogen, 1969a,b; Gazzaniga, 1970) . In what has come to be known as``callosal,''`d isconnected,'' or``split-brain'' syndromes, specific neuropsychological dysfunctions associated with deficits in interhemispheric communication can be identified in patients who have had their cerebral commissures surgically divided (Cook, 1986; Lepore et al., 1986; Bogen, 1993) . Identified deficits have included lateralized apraxia, agraphia, hemialexia, tactile anomia, and constructional apraxia, as well as initial intermanual conflict (Gazzaniga, 1970; Milner & Jeeves, 1979; Bogen, 1985 Bogen, , 1993 . Although the majority of these neuropsychological dysfunctions were reported in patients who had undergone commissurotomies to control epilepsy, many of these same deficits can also occur as a result of naturally occurring disease (Bogen, 1993) .
The majority of the documented split-brain deficits, however, are generally not observed in patients who suffer from congenital agenesis of the corpus callosum, a condition where the corpus callosum fails to develop (Saul & Sperry, 1968; Ettlinger et al., 1974a,b; Ferriss & Dorsen, 1975; Pirozzolo et al., 1979; Bruyer et al., 1985; Jeeves, 1991; Lassonde et al., 1991) . In general, very few neuropsychological defects are observed in patients with agenesis of the corpus callosum when other associated brain abnormalities are taken into account (Loeser & Alvord, 1968; Trevarthen, 1974; Pirozzolo et al., 1979; Van der Vlugt, 1979; Lassonde et al., 1984; Bigler et al., 1988; Bogen, 1993) . As a result, most patients' conditions are discovered after a referral for difficulties with learning, school-related, and behavioral problems, and not for neurological difficulties (Lezak, 1995; Smith & Rourke, 1995) . The neuropsychological deficits that are observed typically include slower-than-normal processing speed on tactile, motor, verbal, and visual tasks requiring interhemispheric processing and integration (Sauerwein & Lassonde, 1983; Lassonde et al., 1986 Lassonde et al., , 1988 . Additionally, Karnath et al. (1991) found that acallosal patients' performance on visual comparison and naming tasks degraded as the tasks became more complex and difficult. In general, however, the areas of dysfunction in which acallosal patients show greater impairment than callosal transection patients involve perceptuo-motor deficits, including fine tactile insensitivity and difficulty with individual finger control (Ettlinger et al., 1972; Dennis, 1976) . Bogen (1993, p. 347) has attributed the perceptuo-motor deficits to the``lack of inhibitory action by the corpus callosum during the development of the brain'', asserting that hemispheric specialization occurs as a result of competition between the hemispheres during early childhood development. Alternatively, Dennis (1976) suggested that reduced sensory acuity is a consequence of the compensatory overdevelopment of alternative ipsilateral sensory pathways. In like manner, Smith and Rourke (1995, p. 66) assert that reliance upon ipsilateral pathways could also explain fine motor control deficits, since``ipsilateral motor systems control only gross movement and not the distal extremities.''
The relative lack of neuropsychological dysfunction in acallosal patients, other than perceptuo-motor deficits, has been attributed by many researchers to neural plasticity and the compensatory ability of the young brain to establish alternative processing pathways (Ferriss & Dorsen, 1975; Field et al., 1978; Pirozzolo et al., 1979; Sauerwein et al., 1981) . Alternatively, Smith and Rourke (1995) assert that although early brain reorganization does occur, many deficits associated with agenesis of the corpus callosum went unexamined by many researchers. Specifically, they noted that relatively few investigators put their acallosal patients through full neuropsychological evaluations. Instead they focused solely on one or two specific functions, typically the lateralized processes that are shown to be disturbed iǹ`s plit-brain'' patients. Smith and Rourke further asserted that the type of deficits which would likely be seen in patient with agenesis of the corpus callosum would be reflective of a white matter disturbance, and not focal dysfunctions. Following Goldberg and Costa's (1981) and Rourke's (1987 Rourke's ( , 1989 Rourke's ( , 1995 White-Matter models, the above-mentioned authors predicted that acallosal patients would exhibit a set of deficits known as the nonverbal learning disorder (NLD) syndrome (Rourke, 1982) .
According to Rourke (1995) , the NLD syndrome develops as a result of primary central processing dysfunctions associated with early developmental white matter difficulties. Primary deficits therefore occur in the areas of bilateral tactile perception, discrimination and recognition of visual detail and visual relationships, bilateral psychomotor coordination, and problem-solving abilities with novel stimuli. As a consequence to these deficits, Rourke suggests that children with NLD will develop difficulties with visual attention, social competence, emotional distress, concept formation, and problem-solving abilities with unusual or complex situations. Alternatively, Rourke also suggests that NLD children will exhibit initial developmental delays in language development, followed by rapid acquisition of verbal skills. Additionally, the child will develop good cognitive and functional abilities in auditory perception and memory, simple motor tasks, and the learning of rote material. Smith and Rourke (1995) have noted that little research has been conducted with congenital acallosal patients to determine if their neuropsychological profile follows the pattern of deficits and assets predicted by the NLD and White-Matter models. As mentioned previously, most researchers either did not perform or have not reported comprehensive neuropsychological assessment results on their patients with agenesis of the corpus callosum, making direct comparisons with the model difficult. Additionally, it is not unusual for acallosal patients to also suffer from other associated anatomical brain anomalies that can act as confounding factors in performing comparative studies. It is only with the relatively recent introduction of imaging techniques in clinical practice that proper screening for additional structural brain abnormalities can occur (Bigler et al., 1988) .
The goal of this case study is not only to document the full range of neuropsychological performance of a young patient with congenital agenesis of the corpus callosum, but to compare his obtained results with Rourke's NLD model.
Case presentation
At the time of assessment, K. an 11-year-old white male, was hospitalized due to increasing``out of control'' behavior and treatment failure at numerous other less-restrictive treatment programs. K. had a history of aggression toward others, fire setting, and hurting animals. According to the initial psychiatric assessment, K. was described as having extreme hyperactive symptoms, as well as being``extremely oppositional.'' He had also voiced suicidal ideation in the past. K. did not, however, have a history of illegal conduct. Previous diagnoses that K. carried included attention deficit/hyperactivity disorder (AD/HD), opposi-tional defiant disorder, and major depression. Despite having received mental health services beginning since age 4 1 / 2 , his acallosal condition was not discovered until he received a CT scan after a mild head injury, with associated vomiting, when he was 9±10 years-old. (No intracranial damage or skull fracture was found).
According to interviews with his mother, her pregnancy and delivery of K. was normal. Neonatally, however, K. suffered from frequent vomiting, and at age one month, he underwent surgery to remove an intestinal obstruction. Other than an extensive history of ear infections, K. was reported to have been fairly healthy throughout his life. K.'s family has some history of mental health difficulties. His father was described as having been violent and hyperactive; his mother was hyperactive as a child; and his maternal grandfather suffered from depression. No history of drug abuse among family members was reported.
As mentioned previously, K. first began receiving mental health services beginning at age 4 1 / 2 years, from a treatment center for hyperactive children. At that time he was experiencing attention problems, language and social-skills delays, as well as severe encopresis. K. was placed on stimulants, which was reported to have had limited success, and he was referred to an intensive day treatment program. Later, in public school, he was placed in a self-contained classroom with an intensive behavioral/special educational program.
At the time of his inpatient hospitalization, it was noted in K.'s physical that he was small of stature, being below the 5th percentile in height. Weight was normal. He had no major medical difficulties and his EEG was found to be normal. He was subsequently seen by a consulting neurologist who stated that K. did not appear to be suffering from a degenerative neurological disease.
Neuroimaging analysis
K. was given a complete series of magnetic resonance image (MRI) scans shortly after his admission to the hospital. According to the radiologist's report, K. had a complete absence of the corpus callosum except for the presence of a small segment of the rostrum (see Fig. 1 ). No other abnormalities were identified, and both gray and white matter development were reported as normal. It was noted, however, that the left ventricle was``slightly large,'' and the right ventricle was``somewhat large.'' It has been our collective experience that few radiology reports go beyond a subjective estimate of ventricle enlargement. Therefore, we conducted a computerized volumetric analysis (the comparing of the relative size of different brain structures to better quantify the findings of K.'s MRI scans). To our knowledge, this is the first volumetric analysis of a callosal agenesis case to be reported in the literature in conjunction with assessment findings.
The area of the corpus callosum = 126 mm 2 , which is approximately 1/5 of normal. Ventricle to brain ratio = 3.3, which indicate that K.'s ventricles are approximately twice the size of normal. Although K.'s anterior horns are both of normal size, his right temporal horn is 323% greater in size than the left temporal horn. Additionally, the right posterior horn is 307% greater in size than the left posterior horn. The asymmetry of the ventricles suggests greater developmental disturbance to the right hemisphere. Some authors have postulated that such added white matter disturbances, beyond the tracts associated with the corpus callosum, may also be affecting the behavior of acallosal patients (Baierl et al., 1988; Lewis et al., 1988) . Therefore, the possibility that K.'s performance may reflect the asymmetric difference in white matter development, and not just the absence of most of his corpus callosum, must be considered. To our knowledge, however, there are no studies that provide normative data regarding the extent of white matter disturbance in acallosal individual. It is therefore unknown whether K. is typical of the majority of patient with this condition, and if so, to what degree. It is hoped that case studies, such as this one in which a volumetric analysis has been conducted in conjunction with a complete neuropsychological battery of an acallosal patient, can begin to provide important functional data necessary to correlate performance with extent of white matter disturbance. Since K. does not suffer from any other structural anomalies, this case still allows for a comparison of significant white matter dysfunction with the degree of NLD symptomatology. Fig. 1 . MRI of K.'s brain (top row) compared to a normal adult brain (bottom). Please note that K.'s coronal scan is weighted differently, so ventricular space appears white.
Test behavior and appearance
Despite numerous references in K.'s chart to his oppositional behavior, he was cooperative throughout all testing sessions. He demonstrated and maintained appropriate effort and motivation with all tasks that he was given, and he stated he liked participating in the assessment procedures. Based on his level of motivation and effort, the findings of the neuropsychological assessment were considered to be accurate reflections of his functional abilities and psychological state.
Neuropsychological assessment results
A complete summary of all neuropsychological assessment results are reported in Table 1 . Additional qualitative observations and interpretations of findings will now be given according to functional areas.
Attentional functioning
Rourke (1995) asserts that children with NLD will demonstrate good auditory attentional abilities, and poor tactile and visual attention. Since K. has carried the diagnosis of AD/HD for the majority of his life, it was anticipated that K. would also show attentional impairment through testing. (As mentioned previously, he was not on medications at the time of assessment). Obtained quantitative results indicated that K. had mild visual attentional difficulty, scoring in the mild borderline range on the Conner's CPT (overall index = 9.39), with more significant auditory attentional deficits as demonstrated by his scores on the SRT and SSPT. Qualitatively, it was observed that many of K.'s attentional difficulties were related to processing speed demands. Specifically, K. had two divergent response patterns. On one extreme, when he was required to make quick decisions, he would respond impulsively and often inappropriately. On the other extreme, when he was given whatever time he needed to formulate his decisions and responses, he required an unusually lengthy amount of time to carry out the assessment task. This delay in responding would often lead him to become confused and distracted before he would act. It was noted that K. only responded impulsively when he was under a time demand. Based upon these observations, it was hypothesized that K. suffers from an attentional disorder due to primary integration difficulties. He was therefore given the diagnosis of AD/HD, NOS.
Motor and sensory-perceptual functioning
Fine motor movement difficulties and tactile localization impairments are consistently reported in many cases of callosal agenesis (Russell & Reitan, 1955; Dennis, 1976; Chiarello, 1980; Bogen, 1993; Smith & Rourke, 1995) . Such difficulties are also consistent with hypothesized deficits within the NLD syndrome, although such well practiced skills such as handwriting can be performed normally (Rourke, 1989 (Rourke, , 1995 . K. demonstrated both fine and gross motor movement difficulties, showing some level of impairment on most psychomotor measures. Additionally, his movements were not well lateralized, and he would display mirror image motions in one hand when the other was being used for rapid movements. As a result of his motor impairments, K. had greater difficulty with tasks that required him to write or draw, and only added to attentional difficulties associated with slow processing speed. He did not, however, have as serious difficulty with tactile localization. Other than the Finger-Tip Number Writing test, K. performed with normal limits on all sensory-perception tests. Although sensory impairments are consistently reported in the acallosal case literature, Dennis (1976) has noted that the extent of callosal agenesis bears an inverse relation to the level of sensory-motor deficits, with greater impairment being associated with partial agenesis. Therefore, it is possible that K.'s lack of sensory-perception deficits on many tests may be related to the extent of the agenesis of his corpus callosum.
Language functioning
Major language deficits have not been commonly reported in acallosal patients, however, some clinicians have observed mild impairments in verbal repetition of sentences, and with pragmatics (Dennis, 1981; Jeeves & Temple, 1987; Smith & Rourke, 1995) . According to the NLD model, children with developmental white matter difficulties should show an initial early delay in language development, followed by rapid development in rote verbal skills (Rourke, 1989 (Rourke, , 1995 . Unlike other patients with callosal agenesis, K. showed significant language impairment including severe articulation and word finding difficulties, which led to a referral for speech therapy. Although no gross anatomical abnormalities are seen by visual inspection of his MRI, because of the extent of K.'s language impairment, the possibility that there are structural abnormalities present that are not observable on the neuroimaging must be considered.
As mentioned previously, developmental language delays were noted when K. was 4 1 / 2 years old. An audiology evaluation conducted after admission found K.'s hearing to be normal.
Visual±spatial functioning
Chiarello's (1980) observed that acallosal patients commonly demonstrate spatial localization deficits. Regarding NLD children, Rourke (1989 Rourke ( , 1995 contends that extreme impairment with visual ± spatial-organization are evident. On measures of visual ± spatial functioning, K. also showed significant impairment in some activities requiring the organizing of visual±spatial information, beyond the drawing difficulties associated with fine motor movements mentioned previously. For instance, K. became confused and disorganized in completing VMI drawings in which two or more shapes must be placed in relationship to one another. Additionally, his Rey±Osterrieth figures had``missing middle,'' in which K. could not integrate the two sides of the drawing. According to Bernstein and Waber (1996, p. 46) such drawings are``indicative of integration deficits across the lateral axis.'' 1.3.5. Memory functioning Rourke (1989 Rourke ( , 1995 contends that NLD children will show memory deficits for visual and tactile information or complex verbal information, and will have good memory for rote material. Consistent with this assertion, Russell and Reitan (1955) found their patient with callosal agenesis was impaired on TPT memory. Likewise, K. showed mild impairment on his TPT memory score. Additionally, K. showed an unusual memory deficit on the CVLT-C, despite having a normal learning curve. Specifically, his ability to remember learned words was greater during the free recall condition than when he was given memory cues. For instance, K. was able to recall eight words on the long-delay free recall condition (Z = À1.0), while he could only recall six words under both the short-delay and long-delay cued recall conditions (Z = À2.0 for both). Behaviorally, when K. was given cues, he would frown and tense his face while he seriously pondered his answer for extended periods of time. It is possible that K.'s apparent memory deficits are a consequence of language difficulties, resulting in K. having a limited capacity to utilize semantic information to organize his learning or recall. This interpretation is partially evidenced by his mildly poor use of learning strategies to organize material. For instance, scores obtained on both his semantic cluster and serial cluster ratios were a half of a standard deviation below normal, which, despite being slight, may partially explain his decline in performance when cues were given. However, his memory deficit appears more significant in that K. failed to identify two semantically related words (bananas and strawberries) during the recognition phase, despite having said them both in the last three trials of List A. It is therefore unclear the extent to which K.'s language deficits impaired his verbal memory performance. However, based on his observed behavioral reaction to verbal cues, it was apparent that K. was having difficulty integrating and effectively using prompting information to assist in his memory recall. K.'s performance pattern during the recall conditions of the Rey±Osterrieth Complex Figure ( ROCF) test, often considered a general measure of visual memory, was also atypical. Although he produced a significantly disorganized and distorted copy of the ROCF figure, he demonstrated good visual memory retention, as indicated by increases in T-scores of the subsequent recall figures. According to Bernstein and Waber (1996, p. 55) , such a pattern of improving performance may indicate that: the child lacks the organizational capacity needed to manage the complexity of the ROCF, and is vulnerable to being overwhelmed when viewing the full stimulus figure. The child is, nonetheless, able to demonstrate understanding of the figure under the less stimulating Recall conditions. Based upon these findings, it was hypothesized that K.'s abilities to learn and remember had integrative capacity limits which could be overwhelmed. Although Berstein and Waber's (1996) above assertion explains K.'s improvement between the copy and immediate recall conditions, it does not explain K.'s improvement between the immediate and delayed recall condition, where his performance improved by more than a standard deviation. It should be noted that K. had a similar but milder improvement in performance on the CVLT-C, where he remembered seven words during the short-delayed free recall condition, and eight words during the long-delay free recall condition. Based upon these findings, it was hypothesized that K. had difficulties in consolidating information, likely due to initial problems with integration and organization associated with his white-matter deficits; however, processing eventually occurred and his performance improved over time. In other words, K.'s memory and learning abilities were dramatically affected by the complexity of environmental stimulus, and he required increased time to process information due to deficits in his ability to integrate and process information.
Intellectual and achievement performance
Casey and Rourke (1991) contend that children with NLD will demonstrate a distinct pattern of intellectual and academic strengths and weaknesses. Specifically they assert that NLD children will perform better on subtests assessing verbal memory and rote skills, and worse on subtests requiring visual±spatial-organizational abilities, mechanical arithmetic skills, and complex psychomotor abilities. For instance, they maintain that NLD children will show a VIQ±PIQ discrepancy (favoring the VIQ) on the WISC. Additionally, on measures of academic achievement, such as the WRAT, they hold Reading and Spelling standard scores will be higher than the Arithmetic score. K.'s academic performance followed the pattern predicted by the NLD model, with his WRAT-III Reading and Spelling scores being approximately 10 standard points above his Arithmetic score. His intellectual performance, however, was opposite of what was predicted, in that his PIQ score was 13 points higher than his VIQ score. It is likely that K.'s language deficits may explain some of this difference. It should be pointed out, however, that VIQ± PIQ discrepancies, as predicted by the NLD model, have not consistently been reported in the professional literature. For instance, in examining 48 reported callosal agenesis cases which included IQ data, we found only 33.33% (16/48) with IQ discrepancies (>10 points) favoring VIQ, 45.83% (22/48) with no significant VIQ±PIQ differences, and 20.83% (10/48) with discrepancies favoring PIQ.
Response to treatment
As mentioned previously, K. has an extensive history of oppositional and violent behavior, for which he received treatment beginning at age 4 1 / 2 -years. In view of the fact that there is a history of violence and hyperactivity within the family, it is likely that parenting, familial, and social climate issues are all relevant to this case. However, because K. had been unresponsive to numerous mental health interventions, given over extended periods of time, the goal of this assessment was to determine the possible impact that his newly discovered neuropsychological condition had on his behavior. Specifically, the treatment team wanted to know if K.'s behavioral difficulties could be impacted by addressing the effects of his neuropsychological impairments. Based upon neuropsychological assessment findings, it was hypothesized that much of K.'s conduct-disordered behaviors were due to his inability to appropriately respond to complex demands, particularly under conditions of high stimulation. Rourke points out that NLD children are often characterized as being conduct disordered, along with high levels of anxiety, depression, and social isolation (Rourke, 1989 (Rourke, , 1995 . The school setting, where most of K.'s``acting out'' behaviors occurred, demanded the type of performance that was particularly difficult for K. For example, during observation it was noted that he would become aggressive in class when was asked to accomplish timed tasks that were complex, such as arithmetic story problems. In working with his teachers, attempts were made to structure his classroom so that he could focus on single, un-timed tasks requiring the least amount of conceptual integration. K. responded well to this approach and his conduct difficulties diminished significantly from daily occurrences of classroom disruptions to less than 1±2 per month. A long-term structure that would gradually increase the complexity of the academic demands was designed.
It was also recognized that many of K. behavioral difficulties may have been related to his verbal expressive difficulties. An extensive speech therapy treatment program was also developed. It is likely that a combination of changing the classroom environmental demands, and providing speech therapy interventions, led to the improvement in K.'s behavior.
Summary and conclusion
This article presented a case study of K., an 11-year-old white male with congenital agenesis of the corpus callosum, with the goal of examining the validity of Rourke's (1989 Rourke's ( , 1995 NLD models. This is an appropriate case to examine this model's validity for three reasons. First, Rourke (1989) predicted that the greater the amount of white matter which is affected in a child, such as with callosal agenesis, the greater likelihood that the individual would exhibit NLD syndrome. Second, Rourke (1987) has asserted that the acallosal individuals, who are most expected to exhibit NLD syndrome, are those who do not have any other significant structural abnormalities. K.'s evaluation by MRI did not show any gross structural abnormalities, other than agenesis. [It should be noted that ventricular enlargement is an expected feature of callosal agenesis, and would therefore not be considered a significant structural abnormality (Smith & Rourke, 1995) ]. Finally, in reviewing K.'s neuropsychological performance, it was found that this case is fairly typical of children with callosal agenesis as reported in the literature.
Many of the predicted NLD deficits were clearly evidenced in this case. For example, K. had profound difficulty with integrative tasks such as visual±spatial organization. More significantly, Rourke's theories did predict and delineate the behavior difficulties in this case, such as conduct disorder, anxiety, and depression that result from the inability to integrate and process specific types of information.
Despite the many consistencies between the predicted impairments and K.'s actual performance, it was found that many of his neuropsychological deficits were more profound than what would have been expected by Rourke's models. For example, K. had extreme fine-motor difficulties, such as with handwriting, that the NLD model predicted would have improved with age. Additionally, K. demonstrated some specific language impairments, such as word finding and articulation deficits, that clearly are not associated with Rourke's models.
If it is assumed that K.'s neuropsychological performance is typical of functional strengths and deficits which can be expected with agenesis of the corpus callosum, then this case leads to an interesting conclusion. Although Rourke's NLD model is descriptive of many aspects of white matter impairments, it may not account for the full range of deficits which may be observed. In the more severe cases of white matter disruption, such as callosal agenesis, children may exhibit verbal learning, auditory attentional, and verbal expressive difficulties which may be better compensated in less severe cases. Clearly, more systematic neuropsychological testing of acallosal children is needed to document the range of performance that is typical of this condition. In particular, all neuropsychological functions should be examined, and not just lateralized abilities.
